Introduction
It is often stated that the history of a country can be told by its heritage buildings. These buildings have an invaluable cultural significance but because of their architectural characteristics, construction materials and deterioration resulting from ageing, these heritage buildings are often highly vulnerable to extreme hazard events such as earthquakes. The seismic vulnerability of heritage buildings is much relevant for New Zealand (NZ), as the country's indigenous Maori population did not employ durable construction materials [Russell and Ingham, 2010] and the country was one of the last lands to be colonised by Europeans. Hence the country's identity is represented by a comparatively small heritage building stock dating from 1833, emphasising the need for seismic retrofit implementation to ensure that these heritage buildings can be retained for use by future generations.
When a region is struck by an earthquake, a specific procedure is triggered by the local authorities who have two different types of objectives when undertaking postearthquake emergency assessment of buildings [Anagnostopoulos and Moretti, 2006] .
The primary objectives are the protection of human life and property, while the secondary objectives are related to minimising the number of people made homeless by rapidly assessing buildings as safe or unsafe, evacuating dangerous areas, and creating shelter sites. In addition to data collection to inform the above objectives, data are also sought for purposes such as: (i) for authorities to develop disaster mitigation policies and allocate funds based on reliable estimates; (ii) for identification of the causes of damage, so that rehabilitation plans can take these hazards into account; (iii) for research, so that standards and construction practices can be re-evaluated, along with the development of supplementary resources such as seismic hazard maps. The methodology used for the seismic safety evaluation of buildings needs to be clear and straightforward, so that flaws can be limited to a minimum and reliable data can be retrieved. This need for clarity is a core issue as a variety of activities will be based on this information, such as building demolition and provisional securing interventions in the short term and the publishing of standard updates in the long term. Strong aftershocks are common and for that reason building assessments must be undertaken as quickly and as safely as possible due to the risk of collapse of damaged structures.
Because the complexity of heritage buildings represents a challenge to rapid and accurate post-earthquake damage assessment, Italian authorities developed a specific survey form for churches [Civil Protection Department, 2006] . Churches usually have a high seismic vulnerability due to their structural arrangement and geometric proportions, material composition, and potentially deteriorated condition due to their age. The systematic documentation of damage sustained by churches in the Friuli earthquake [Doglioni et al., 1994] led to definition of the macroelement concept, where the collapse mechanisms of church are distinguished based upon the failure of individual structural components (such as facades, side chapels, bell towers and presbyteries) that are assumed to effectively behave autonomously. According to [Civil Protection Department, 2006] , inspectors are expected to identify possible collapse mechanisms from a list on the form and then grade the activated mechanisms within a scale [Grunthal et al., 1998 ]: 1-Negligible to slight damage; 2-Moderate damage; 3-Substantial to heavy damage; 4-Very heavy damage; 5-Destruction. The first version of the form had 18 possible collapse mechanisms [Angeletti et al., 1997] and was used to assess almost 3000 churches in Umbria-Marché, Italy, after the earthquake of 26 September 1997 [Lagomarsino and Podestà, 2004] . The form was also applied in the Azores, Portugal, after the earthquake on 9 July 1998 [Guerreiro et al., 2000] . In both cases, the macroelement approach was considered effective. Based on this experience, the current version of the form [Civil Protection Department, 2006] has 28 possible collapse mechanisms and was used in L'Aquila, Italy, for the assessment of churches damaged by the earthquake on 9 April 2009 [Costa, 2009] .
The Canterbury Region in the South Island of NZ underwent two severe earthquakes on 4 September 2010 and 22 February 2011 [Bradley and Cubrinovski, 2011; Gledhill et al., 2010] . Chronologically separated by only five months, and with epicentres located close to urban areas, the region suffered considerable human and material losses [NZ Police, 2011; NZ Treasury, 2011] . In additional to building damage, much of the civil infrastructure sustained damaged due to the geotechnical phenomena of liquefaction and lateral spreading [Allen et al., 2010; Cubrinovski et al., 2011] . The Central Business District (CBD) of Christchurch, the largest city of NZ's South Island and the nation's oldest and second largest city, was partially destroyed in February 2011 and had to be evacuated. A large number of heritage buildings, mostly constructed using unreinforced clay brick masonry, partially collapsed or were damaged beyond repair [Dizhur et al., 2011] .
In order to study the behaviour of the masonry and heritage buildings in the region affected by the Canterbury sequence, an international team of post-graduate students was deployed in Christchurch soon after the 22 February 2011 earthquake with coordination provided by the University of Auckland and funding provided by the NZ Natural Hazards Research Platform. Statistical analysis of the damage data gathered for churches in the region is presented here, followed by safety evaluation data collected by NZ authorities, as well as data on the damage classification registered for each church by the NZ authorities. The above mentioned Italian survey form was used for each church inspected, and the results are compared with those registered by the authorities.
Almost all churches of the Canterbury region built before 1938 were assessed [Hamilton and Hamilton, 2008] , leading to a total of 112 church buildings being contained within the dataset (see Figure 1) . The exceptions were churches that were already demolished and churches that were damaged to such an extent that it was unsafe to perform the assessment.
Past seismic activity in the Canterbury Region
Christchurch is the second largest city in NZ, with 338.748 inhabitants [Statistics New Zealand, 2006] , and is located on the east coast of NZ's South Island. The city has been struck by eleven medium sized earthquakes since European settlement [NZ Government, 2011] , but only three earthquakes have resulted in reported damage to buildings. The earthquake that occurred on 5 June 1869 had an intensity of MM 7 in Christchurch City centre and of MM 5 in the surrounding boroughs, and caused damage to chimneys, government buildings, churches and homes [Christchurch City Libraries, 2006] , while for the earthquake that occurred in 1881 the only reported damage was to the spire of the Christchurch Cathedral [GeoNet, 2011b] . The earthquake that occurred in 1888 had an estimated intensity of MM 9 and an epicentre located 100 km north of the city [GeoNet, 2011b] and caused only minor damage to buildings [PapersPast, 2010] .
Because Christchurch is located near the coast and at a significant distance from the main Alpine Fault that divides the South Island longitudinally, the NZ Loadings Standard [NZS 1170 [NZS .5, 2004 considers the city to be a moderate hazard area.
September 2010
At 4.35 am on 4 September 2010 a magnitude M w 7.1 earthquake struck the Canterbury region. The epicentre was located near Greendale, 40 km west of Christchurch (see Figure 2) , at a depth of about 10 km. The earthquake produced a ground-surface fault rupture with a length of nearly 30 km (see Figure 3 ) and during the ground motion the measured Peak Ground Accelerations (PGAs) reached 0.82g for the horizontal component and 1.26g for the vertical component [Allen et al., 2010] . There were no fatalities and only two serious injuries, which was partly due to the timing of the earthquake in the early hours of a Saturday. The seismic activity was particularly interesting from a geotechnical perspective because of the surface rupture [Allen et al., 2010] . Liquefaction and lateral spreading can be considered fairly common phenomena in earthquakes, and are generally registered following strong ground motions [Maugeri et al., 2011] but in the Darfield earthquake these phenomena were the main cause of damage to buried infrastructure and bridge abutments [Allen et al., 2010] The epicentre of the 22 February 2011 earthquake was located beneath the hills to the south-east of the city and caused boulders to become dislodged and roll downhill (see Figure 5 (a)), resulting in damage to houses and cars and injuring people. The cliffs along the coast were also affected by the earthquake, either partially collapsing or becoming unstable, and several houses located at both the top and the bottom of these cliffs were damaged or had to be evacuated permanently. The previous geotechnical problems happened once more, with all the suburbs along the Avon River being subjected to liquefaction (see Figure 5 
Safety Evaluations
New Zealand legislation requires that immediately after the declaration of a state of emergency [New Zealand Legislation, 2002] , a building safety evaluation process is activated. This procedure was followed in Christchurch City and surrounding districts 
An immediate overall damage survey was performed by the Civil Defence and
Territorial Authorities within hours of each event, with the objective of defining priority intervention areas and the human and technical resources required. Two levels of rapid assessments were next undertaken. Level 1 assessments were performed by structural and civil engineers, as well as by architects and other personnel from the building industry, with all buildings being assessed except for critical facilities and multi-storey buildings. The survey form requires identification of the structural system, occupancy class and any structural damage that was visible by external observation. At the completion of the assessment the inspector assigned a placard (see Figure 6 ) to the building: green if there were no restrictions to use of the building; yellow if there were safety concerns, restricting use of the building to shorts periods of time for essential business; and red if the building was clearly unsafe and therefore re-entry of the building was prohibited. Level 2 assessments were more thorough and therefore were only undertaken by experienced structural and geotechnical engineers, and were completed for critical facilities and multi-storey buildings, as well as for all buildings that received yellow or red placards during the Level 1 assessments. For a Level 2 inspection an assessment was required of overall, structural, non-structural and geotechnical hazards. [Wood et al., 2010] .
Damage inspection in Churches
New Zealand became a colony of the British Empire in 1840. After this date the immigrant population increased exponentially, as did the demand for residential and community buildings [Russell and Ingham, 2010] . The first churches during this period were built mainly in timber because of the simplicity of construction, the wide availability of the material and a fast construction time. With growing prosperity stone and clay brick masonry started being used for the construction of important and public buildings, including churches, such that these three materials were the most common to be used for the construction of older NZ churches from the first quarter of the 20 th century (see Figure 7) . It is also possible to find a few churches built with reinforced concrete as well as churches constructed with a combination of the above mentioned materials.
As for all buildings affected by the Canterbury earthquakes, churches were assessed using Level 1 and, if necessary, Level 2 inspections. As stated above, almost all churches of the Canterbury region built before 1938 were assessed [Hamilton and Hamilton, 2008] , leading to a total number of 112 church buildings contained within the dataset. This survey included the recording of the placard that was assigned to each church during the required safety evaluation and a visual inspection (exterior and interior when possible and safe) with photographic documentation of the damage (see 
Italian survey form for churches
A specific survey form for churches was used for the first time in Italy in 1997, after the Umbria-Marche earthquake. The development of this form began in 1983 by the newly created GNDT (National Group for the Defence from Earthquakes), as a subdivision of the Italian Civil Protection and the SSN (National Seismic Survey), and was later revised by the Università degli Studi di Genova. Without guidelines and a specific inspection procedure, decisions based on human judgement can be ambiguous and different teams assessing the structural safety of buildings can provide diverse results. The use of a form mitigates this difficulty, giving more confidence and credibility to decisions related to interventions on the damaged structures. The objectives of the form are to: (i) allow or restrain full use of a building, or just a part of it; (ii) prioritize interventions on churches, including temporary measures; (iii) estimate a possible cost for the required interventions [Lagomarsino, 2011] . In the present work, only two parts of the form were used: the Fitness For Use classification (FFU), and the method of collapse mechanism identification and classification, along with computation of the damage index ( ).
In the FFU classification a church receives one of six classifications (see Figure   9 ) which defines its general use. Depending on the classification, the inspector may consider that the church can still be used (Safe option), may have a limited use or no use at all (Unsafe; Unsafe due to External Causes; Partially Safe), impose and specify temporary safety measures (Safe with precautions), or consider that a more thorough inspection needs to be performed (Temporarily Unsafe). This classification scheme is similar to the three colour placard assignment undertaken by Urban Search and Rescue (USAR) and the teams of volunteer engineers following the Christchurch earthquakes, but is a slightly more complex process.
The hierarchy of the interventions on the assessed buildings is achieved by computing a Damage Index , based on the concept of macroelements [Doglioni et al., 1994] . These macroelements are subdivisions of the church based on architectural elements (such as facade, lateral walls, chapel, bell tower) which have an almost independent seismic behaviour at collapse, therefore simplifying the complex structure of most churches into several smaller and simpler elements. The concept is based on experience acquired from past earthquakes, and was later revised and applied to the inspection forms [Angeletti et al., 1997; Giuffrè, 1999; Lagomarsino and Podestà, 2004] used by the Italian Civil Protection. The purpose of the current form [Civil Protection Department, 2006] is to assist building inspectors to generate more homogeneous evaluation and results by helping them to identify the macroelements that were activated during the earthquake from a list of 28 possibilities (see Figure 10 ) and to assess the amount of damage that each macroelement sustained by classifying the damage from 0 to 5 following the EMS-98 proposal [Grunthal et al., 1998 ]. Afterwards, a Damage Index is computed using the equation:
( 1) where is the sum of all scores of damage for all the activated macroelements associated with a particular building and is the number of possible macroelements for the particular church being surveyed, including the non-activated macroelements.
The objectives of the Italian survey form extend beyond the macroelement identification and computation of the damage index. By filling in all the other sections of the form, it is possible to register information about the church itself, general damage and seismic vulnerability, and to assist decisions about the viability and detailing of temporary propping and other safety measures [Costa, 2009; Grimaz, 2011] .
Statistical Analysis
The work presented herein was undertaken between May and July 2011, after the two major earthquake events of 4 September 2010 and 22 February 2011. Although the September earthquake caused limited to no damage to most of the churches [Anagnostopoulou et al., 2010] , the damage observed by the authors was a consequence of the intense seismic activity that started in September 2010.
As shown in Figure 11 (a), the three major construction typologies for churches in the Canterbury region are timber, stone masonry and brick masonry, with about 10% of the buildings using other materials. More than half of the surveyed churches (57%) received a green placard from the structural inspectors (see Figure 11 (b) ). The FFU classification of the Italian survey form (see Figure 11 (c)) has the same objective as does the placard classification and it is interesting to notice the good correlation between the two parameters (see Figure 12 (a) ). The number of churches with different classification using the two procedures is only 9% of the total (see Table 1 ). Note that the NZ classification was made by multiple teams of inspectors, while the FFU classification was made entirely by the same inspector. Given the fact that the FFU has 6 categories, as distinct from the three colours of the placards, only the green/Safe and red/Unsafe and Unsafe due to external Causes classifications are directly comparable.
The percentage of churches with a green placard (57%) is almost the same as was classified as Safe (60%), and the percentage of churches with a red placard (22%) is similar to the sum of the Unsafe and the Unsafe due to external causes categories (25%). The Partially Safe classification was not used because of the comparatively simple architecture and small size of the churches that were surveyed in Christchurch when compared with Italian churches, meaning that generally when a church was damaged in the Canterbury earthquakes the whole building was affected. Following the policy used by the NZ inspectors, no Temporarily Unsafe classifications were used, as the major effort to institute structural interventions was undertaken within the Christchurch CBD, and although the main churches such as the Anglican Cathedral located in Cathedral Square at the centre of the Christchurch CBD and the Basilica of the Blessed Sacrament located in Barbados Street were subjected to thorough studies [Lester et al., 2012] , the rest of the churches were assessed by consulting engineering companies but no further studies (non-destructive tests, numerical simulations, etc.) were carried out. A common example of each classification given by the NZ authorities can be seen in Figure 13 .
The statistics associated with the other parameter from the Italian survey form, , are shown in Figure 11 (d). The damage index was divided into three intervals with the objective of obtaining a single colour for each interval, therefore defining the amount of damage for each classification. It is important to emphasize that usually when the is higher than 0.30 the church is classified as unfit for use [Lagomarsino, 2011] . In Figure 12 (b) and (c) it is shown that, globally, the set of intervals proposed provides sets that are similar to those obtained from the placard data, even if the agreement is not perfect. The differences between the two classification schemes are due to the dissimilar nature of the classifications: the placards define the hazard of entering or re-occupying the building, regardless of the general amount of damage; while the parameter is derived from a systematic methodology that classifies the global damage of the structure. From a practical perspective what occurred during survey inspections was that churches with only non-structural damage (such as loss of plaster or damage sustained to ornamental elements) were assigned a yellow placard and a low value of , and undamaged churches located near unstable slopes or heavily damaged buildings (see Figure 14) were assigned a red placard and a zero , which are opposing classifications.
The scenarios discussed above justify the percentage of yellow and red placarded buildings associated with the lowest damage interval, where conceptually only green placards should be found, and the data presented in Figure 12 in the , these data may be due to the ambiguous nature of the placard classification, which depends on the inspector's judgement, or due to the fact that the damage index classification is inappropriate. The Italian recommendations, based on previous experience with damage assessment, suggest that as a method to eliminate the variability associated with personal judgement, all churches assigned a value of above a prescribed level be considered Unsafe (the recommended value would be 0.40 according to the application in NZ). Still, it is striking that the data presented in Figure   12 (a) provide good agreement between the NZ and the Italian approaches, indicating that an approach based on the damage index in order to allow or restrain the use of a building or prioritize its intervention is possibly unreliable.
Stone churches
Given the different dynamic characteristics of the three principal church typologies found in the Canterbury region (see Figure 7 ), the statistical analysis described above was extended by separately analysing the results obtained for each individual typology and comparing these findings with the overall results. Starting with the placard classification (see Figure 15 (a)), more than half of the stone churches (52%) were assigned a red placard and only 16% of the churches had a green placard assigned.
From the FFU classification shown in Figure 15 (b) good agreement was obtained for the red placards only, as the Safe classification was 10% higher than the green placard classification (26% vs. 16%), and Figure 16 (a) shows that these 10% were assigned a yellow placard. For the other FFU classifications, good correlation was found when compared to the corresponding placards. It is also important to recognise that the inspections and the classifications were performed in different contexts, as classifying damaged structures immediately after an earthquake for the purpose of determining whether the building is safe for people to re-enter can result in a more conservative judgement than would be assigned when undertaking a damage assessment for research purposes several weeks after the earthquake.
The division of the damage index into three intervals in order to define a value for each colour placard for stone churches was undertaken in a slightly different manner to the procedure adopted for the complete dataset accounting for all typologies (see Figure 16 (b) ). The interval for the green placards was assigned an elevated upper limit (0.15 instead of 0.10) and the interval for the red placards was assigned a shown in Figure 16 (c) that the percentage of red placards in the first interval is due to external causes, and therefore the of these churches can be quite low.
Brick churches
The brick churches were less damaged than the stone churches, but also exhibited poor performance during the earthquakes. Figure 17 (a) shows that a red placard was assigned to 38% of the churches, while a yellow placard was assigned to 43% of the churches. The percentage of red placards assigned for this typology was smaller than the percentage assigned for the stone churches, but the sum of red and yellow placards was similar for both masonry typologies and exceeded 80%.
The FFU classification (see Figure 17 (b)) gave good agreement with the placard classification ( Figure 18 (a) ) with the same percentage of green placards and Safe classifications assigned to the same churches. The percentage of red placards was 5% lower than was recorded for the Unsafe category, and therefore the percentage of yellow placards was 5% higher than recorded for the 'Safe with Precautions' category. Also, these classifications were not assigned to the same churches as the red placard percentage was lower than the percentage assigned as Unsafe and there was also 5%
having a 'Safe with Precautions' classification in the red placard column (see Figure 18 (a)).
The three suggested intervals for the (see Figure 18 (b)) are the same as those used for the entire dataset of churches, and therefore are slightly different from those used for the stone churches. It was established that in order to be assigned a green placard the brick churches required a lower value in comparison to the corresponding value for stone churches, as the interval for brick churches is . For the red placards the inverse occurs and the brick churches required a higher value of , instead of the 0.3 value used for stone churches. These modifications indicate that stone churches can withstand higher levels of damage than can brick churches in order to be assigned a green placard, but sustain lower levels of damage in order to be assigned a red placard. Similar results are presented in Figure 18 (c), although the correlation between the colour placards and the FFU classification is not exact.
Timber churches
The timber churches had the best overall performance, with no structural damage and, as can be seen in Figure 19 (a) and (b), 94% of the churches were assigned a green placard or Safe classification. The single red placard assigned to a timber church was due to external causes, such that there were no Unsafe classifications and only 'Unsafe due to External Causes'. Finally, the yellow placard, with the same percentage as the 'Safe with Precautions' category was due to non-structural damage, being mainly cracking of the inside or outside plaster.
The parameter was computed and taken into consideration in Figure 11 (d),
although the seismic behaviour of the timber churches poorly fits the macroelement concept, which is based on the division of a church into a given number of elements that have a nearly independent seismic response as is typical of masonry churches [Doglioni et al., 1994; Giuffrè, 1999] . This disparity does not indicate that the architectural elements are absent as the church can still be divided into the same macroelements, but instead that the structural components are less likely to be activated individually as in masonry churches, because of the required localization of deformation.
Activated collapse mechanisms
The data on the timber churches are not included in the results presented in Figure 20 (a) and (b) regarding the failure mechanisms observed. A comparison between the Possible and Activated collapse mechanisms can provide valuable information. Certain macroelements represent basic architectural components of all churches and there is no surprise that mechanisms 1, 2 and 3, which are related to the church facade, can be activated in all stone and brick churches (see Figure 20 (a) ). The same comment applies to mechanism 6, which is related to the lateral walls of the churches, to mechanism 19 which is related to the roofing elements, and to mechanism 25 which is related to irregularities in elevation.
There are other possible mechanisms present in more than 70% of the churches:
5, 16, 17, 21 and 26. The first of these mechanisms is associated with transversal response of the side walls, while the next three mechanisms are all related to the apse.
The last mechanism is associated with the response of non-structural elements that can be projected such as pinnacles and statues. In opposition to these mechanisms, a considerable number of mechanisms were possible in less than 10% of the surveyed churches (mechanisms 7, 8, 9, 12, 14, 15, 18, 24) as these mechanisms are primarily related to columns in the main nave, and vaults in any of the naves, apses, chapels and domes. This clear difference between a group of mechanisms available in more than 70% of the churches and another available in only 10% is due to the architectural similarity of the churches, independent of the construction material. A typical church in the Canterbury region has only one nave, porch, presbytery and apse and no chapels, columns, vaults or domes.
In order to determine the most vulnerable mechanisms, it is necessary to take into account the average damage classification given to each mechanism, according to the EMS-98 proposal [Grunthal et al., 1998 ], as well as the average activation value of that mechanism when it was available (see Figure 21 ( 
Conclusions
The reported damage survey involved recording the structural damage found after the earthquakes in the Canterbury region of NZ in September 2010 and February 2011 in almost all churches built before 1938 [Hamilton and Hamilton, 2008] , leading to a total of 112 church buildings contained within the survey dataset. The only pre-1938 churches that were omitted from the survey were those that were already demolished and those that were damaged to such an extent that it was unsafe to perform an assessment. The survey exercise entailed recording the placard that was assigned by the NZ authorities and completing the Italian survey form for churches [Civil Protection Department, 2006] . The survey allowed conclusions to be reached regarding the structural performance of the church buildings and use of the classification procedures adopted by both local authorities and by the Italian Civil Protection Department.
From statistical analysis of the obtained data it was established that a general comment on the overall performance of the churches was potentially misleading due to the existence of three main church typologies (stone, clay brick and timber), that exhibited different seismic characteristics. When analysing the typologies separately, the timber churches were found to have had an excellent seismic performance, while the stone and clay brick churches clearly performed unsatisfactorily. Only non-structural damage such as damaged plaster in the interior was registered during the assessment of timber churches, with 94% of these churches having received a green placard. The inverse scenario was found in the stone and clay brick churches, with 80% of those churches being assigned either a yellow or red placard.
The Italian FFU classification was used during the survey of the churches, which has the same purpose as the colour placards of the NZ authorities, together with the damage index that defines and quantifies the possible and activated macroelements. From analysis of the possible collapse mechanisms (macroelements) it was established that in the Canterbury region of NZ some mechanisms are rarely present (encountered in less than 10% of the churches) and these macroelements are related to columns in the main nave, vaults and chapels, confirming the simplicity of the architecture of NZ churches. Other collapse mechanisms were possible in all churches, such as those associated with facades and longitudinal walls, as well as the hammering of roofs and interaction near plano-altimetric irregularities. Also, there were no cases where the available collapse mechanisms defined in the Italian procedure were insufficient due to a high complexity of the church.
The most vulnerable collapse mechanisms found were shear damage in the longitudinal walls, hammering of the roof and overturning of the top of the facade. 
